The design of ridge waveguide semiconductor pump lasers poses particular simulation problems, since an accurate modeling of the electric and thermal effects and of the optical guiding capabilities is needed. We developed a model whose selfconsistent application allows the evaluation of, among the others, the threshold current of the lasing mode and the gain margin of the higher order modes, the P-I characteristic, the power coupled in the fiber, and the far field pattern. Particular attention was paid to the experimental verification of the transverse single mode operation region, and its evolution at high injection levels. The appropriate conditions for operation in the 150-200mW single mode output power range have been found.
INTRODUCTION
The InGaAs quantum well (QW) lasers emitting at 980 nm have received a great attention in the last years' and have progressed rapidly as pumping sources for Er-doped fiber amplifiers and also for application in optical interconnection networks. Ridge waveguide (RW) Fabry-Perot lasers have been reported with good characteristics such as low threshold current,2' 3, , but the major problem is in high power regime were single transverse mode operation should be guaranteed in order to mantain high coupling efficiency with the fiber.
The design of such devices is not simple at all because a careful modeling of all the relevant parameters is needed; in this paper we present a model were all the effects are introduced and simulated with various degrees of accuracy. Since our goal was the creation of an easy-to-use software tool for the structural design of such devices and for the verification of the experimental results, we considered more important to take into account all the relevant effects, than to model with great care only some of them; this choice allowed to realize a computer code running also on a PC. In particular we considered:
• the lateral current spreading above the active region;
• the carrier diffusion in the active region;
• the carrier leakage effect from the active region;
• the temperature device model;
• the temperature effect on material characteristics and waveguiding;
• the waveguide properties using the effective index (El) model;
• the transverse mode competition;
• the modal mirror reflectivities;
• the coupling of the laser beam with the fiber. In the following we describe first how these effects have been represented in our model and then we present some results of the simulations. The implemented electric model takes into account the lateral current spreading in the resistive layers above the active region, the carrier diffusion and recombination in the active region, and the current leakage from the active region.
The results for two analytic models proposed in the literature to take into account the spreading in stripe lasers have been considered6' in our case the electrode to active layer distance is reduced to the height from the active layer and the ridge bottom. In Fig. 1 (left) an example of the current injection distribution in the active layer obtained with the two considered method is shown.
Figure 1: Junction current density obtained using different spreading models (left); carrier density profile at and far above threshold (right). In both cases the ridge width is 2 m.
The carrier density profile N(y) is obtained by solving numerically the diffusion equation:8
where the term depending on the photon density P can be neglected in the small-signal operation or for belowthreshold analysis. The carrier recombination has been approximated as:
An example of carrier distribution at threshold and far above threshold is shown in Fig. 1 (right) , where the effect of the spatial hole burning is quite clearly shown. A simple analytical model for the electron current leakage across the heterojunction interface has been also implemented. It takes into account only the electrons and holes able to pass the barrier between the active region and the guiding layers. Distance from the center of the ridge (pm) Distance from the center of the ridge (pm) where Pth 1S the thermal generated power, V is the junction voltage, and I is the part of the injected current which contributes to the heat generation in the active region,9 has been modified to take into account the transverse distribution of the heat generated by the carrier recombination in the active layer. Therefore the contributions of Joule effect and recombination have been associated to different thermal resistances: zT = Rth,Joule R812 + Rth,ricom(X,y) (V,I3 -P0).
and Rth,ricom(X,Y) has been obtained by solving the heat flux equation with a finite difference scheme.'0 In Fig. 2 a map of the temperature for an actual device is shown; the corresponding thermal resistance profiles along the junction and in the orthogonal direction are shown in Fig. 3 . Since the optical field is well confined around the active layer and Rth is an almost linear function of x, to save memory only the junction temperature profile and the temperature derivatives perpendicular to the junction have been used in our simulator. For a defined structure the previous data have been computed apart, and during the above threshold simulation we supposed that the temperature distribution remains unchanged in the form but is changing its maximum value according to the temperature variation in the center of the ridge.
Beside the influence of the temperature on the local active layer parameter characteristics (material gain, recombination and diffusion coefficients), we considered also the effect on the "bulk" refractive index distribution throught the simple
=11.41O5K'
ÔT T0=300K This change affects the field confinement, and has been verified experimentally.
THE ELECTROMAGNETIC MODEL
The modal analysis has been carried out using the effective index method. Since the refractive index variation is much smaller and slower in the transversal y direction we can factorize the electromagnetic problem in depth and transversal directions. Taking y as a parameter, we solve "for every y" the Helmoltz equation along x: We use then the effective refractive index profile iij(y) as input for the Helmoltz equation along y:
Following this procedure we obtain, for given carrier and temperature distributions, the modal gain g =2 Im{/32}, where :3 is the complex propagation constant of the mode, and the modal field distributions E = TE(Y)çOTE(x; y) and H, = TM(y)coTM(z; y) for quasi-TE and quasi-TM modes respectively.
In Fig. 4 are reported two examples of effective index and lateral field distribution at and far above the threshold condition. The usual perturbative approach, based on the depth confinement factor r, which is used to include the effects of N(y,T) on the effective refractive index:
has been shown inadequate for the high injection operation conditions of power lasers.'2 Therefore we compute ;i(y) for a large number of values of y having defined:
. gmat(N(y),A)
where the losses of the passive structure are included. in the imaginary part of act . Simultaneously also the effect of the temperature on each layer has been considered by modifying the refractive indices of the various layers depending on the y and x coordinates. This procedure introduces only a small penalty in the computation time because the variation of the effective refractive index in adjacent sections is very small and then the convergence of the algorithm is greatly improved.'3 An overall increase of a factor 3 in the computation time has been verified. The so called correction factor, whose multiplication by the Fourier transform of the field inside the device gives the far field pattern, has been computed with our model for the structures studied by Ohtoshi,'5 and a comparison is shown in Fig. 6 . The emitted power coupled in an optical fibre has been computed by means of two methods; one based on a numerical integration of the field overlapping integral and the other on the analytical approximation of the same integral by means of a gaussian interpolation of the transmitted modal field. Fig. 7 shows the comparison between the results obtained by integrating the exact modal field and its gaussian approximation. The excellent agreement allows an immediate extension of this method to the more general coupling problem shown in Fig. 7 . In general, the advantage of the use of the gaussian approximation is the practically immediate application to any laser-fiber configuration by means of the matrix formalism for gaussian beam transformation.
EVALUATION OF THE FACET REFLECTION AND TRANSMISSION COEFFICIENTS

MATERIAL PARAMETERS
Our simulator needs the knowledge of the following parameters along with their dependence on the alloy composition and the temperature:
• refractive indices (their variation with the temperature can be a relevant effect, since the effective refractive index step is very small);
• effective masses of electrons and holes;
• carrier mobility and ambipolar diffusion coefficient in the active layer;
• resistivity, doping density and optical losses in every layer; Distance from the center of the ridge (pm) . recombination coefficients;
. thermal resistances.
The most important quantities are the optical gain gmat and the carrier induced refractive index change ln, which can be described with the simple expressions:
whose parameters can be obtained both from prime-principles calculations and from experiments.
THE COMPUTER CODES
Three computer codes have been realized during this activity:
. the first one is mainly devoted to evaluate the modal reflectivities of ARC and HRC. It allows to verify and to correct the typical plane wave approximation design procedure, having the possibility to easily change thicknesses and refractive indices values, and taking into account the effects of current injection;
S the second performs a structural analysis of an active waveguide by evaluating the dependence of the modal parameters from the waveguide structure, the radiation pattern and the fiber coupling with and without AR and HR coatings;
S the third allows a complete analysis of a laser above threshold considering all the relevant effects described in the previous sections.
The second program generates also maps of the modal parameters, allowing the definition of "optimum" waveguides with respect to any prescribed characteristics. For example, it can be used to define optimized structures with respect to modal gain, fiber coupling, etc.
In the third program all the effects presented in the previous sections are solved selfconsistely starting from the structural data of the waveguide and of the coatings, the active layer composition parameters and the thermal resistance map as shown in Fig. 8 . the threshold current of the lasing mode and the gain margin of the higher order modes,
. the P-I characteristic and the change in the gain margin of the higher order modes,
. the power coupled in the fiber and the far field pattern,
. the junction voltage vs. injected current characteristic.
NUMERICAL RESULTS
In this section we complete the presentation of the numerical results focusing on the features of the simulator.
Therefore we are interested in demonstrating the relevance of some physical effects introduced in the model, rather than in the global characteristics of the device. The device considered is a SQW ridge waveguide laser whose structure is schematically shown in Fig. 9 ; the most relevant parameters used in the simulation are reported in Tab. 1.
The thermal model has been mainly validated by comparison with experimental results obtained in pulsed regime; in this case the laser temperature can be considered constant and equal to the heat sink temperature. The effect on the threshold current is clearly shown in the right part of Fig. 10 .
In the left part of Fig. 10 is reported the threshold current variation with the upper cladding thickness in pulsed and CW regime. The influence of the nonuniform thermal model in the critical region between index-guided and gain-guided regime is shown as an increase of the index guiding region due to the lens focusing effect produced by the heat distribution. During measurement there has been clear evidence of this effect.
In Fig. 1 1 is shown the gain variation of the lasing mode with respect to high order modes for two different values of the upper cladding thickness. This kind of analysis allows to choose the structure with better single transverse mode characteristic in above threshold operation.
Finally in Fig. 12 the junction voltage vs current characteristic of the laser considered is presented. All the previously presented results and features of the simulator have been used for the design and the cxperimental verification of the laser devices manufactured by Alcatel-Telettra. A satisfactory agreement with the experimental results has been eventually obtained. 
CONCLUSIONS
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